In the experimental study, twelve male subjects held 1, 5, and 10 kg boxes at 0, 20, 40, and 60 cm from the floor in forward-bending and squatting postures. The inclinometers were fixed on the back at L4, Th 12, and Th5.
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of Public Health, Hiroshima University School of Medicine-In an effort to estimate trunk inclination by means of a simple inclinometer, a theoretical model analysis was carried out to clarify the relation between "true" trunk inclination and the inclinometer reading.
The effects of inclinometer location on the trunk, working posture, and weight handled were also investigated experimentally.
The theoretical model was based on work by Anderson et al. to estimate pelvic rotation from trunk inclination. The theoretical results indicated that the relation between trunk inclination and the inclinometer reading would change according to the location of the inclinometer.
The curves were concave, straight, and convex when the inclinometers were fixed on the trunk at low, intermediate, and high levels, respectively.
In the experimental study, twelve male subjects held 1, 5, and 10 kg boxes at 0, 20, 40, and 60 cm from the floor in forward-bending and squatting postures. The inclinometers were fixed on the back at L4, Th 12, and Th5.
The relation between trunk inclination and the inclinometer reading in measurement data showed concave, straight, and convex curves at L4, Th12, and Th5, respectively, as the theoretical model analysis had indicated. At L4 and Th5, however, the relation could be regarded as linear because the coefficients of determinations (R2)
of the theoretical models calculated by the regression analyses agreed closely to those of the simple linear models.
The difference between the forwardbending and squatting postures was large at L4, but small at Th12 and Th5.
The effect of the weight handled was small and negligible in making these estimates. For ergonomic evaluation of working conditions, it is important to have a clear idea of working postures at actual work places'-4). Observational and goniometric methods are often used to record working postures3-6). Inclinometers are also used for simplified quantitative measurement-10), but the location of an inclinometer on the body is problematic, usually depending on the purpose of the observation-9).
To evaluate low back load, the inclinometer is usually fixed on the upper body of the subject to record the trunk inclination (angle between vertical and a line between the acromion and greater trochanter) and a special calibration curve must be developed because the inclinometer does not measure the trunk inclination directly. If the trunk were a rigid component, the estimation would be simple and easy because trunk inclination and the inclinometer reading would show a linear relation, but actual trunk inclination involves trunk bending and pelvic rotation", 12). Most of the trunk bending occurs in the lower portion of the spinal column13, 14) , and pelvic rotation is reduced according to the trunk inclination"). The actual relation between trunk inclination and the inclinometer reading should therefore be nonlinear. To what extent and under what conditions can the inclinometer calibration method be linear? This point has been insufficiently studied.
In this paper we first try to clarify the relation between trunk inclination and the inclinometer reading by using a theoretical model. We then present experimental data on the effects of inclinometer location, working posture, and the weight handled on this relation.
Theoretical Study
According to a statistical analysis by Anderson Trunk bending (F) and the inclinometer reading (1) are defined in terms of equation (1) as follows:
F= T-S (2) I=S+kF (3) where k is a location parameter for the inclinometer. Figure 1 shows a graph for equations (1), (2) and (3) where K and k are fixed at 180 deg. and 1.5, respectively. Parameter k indicates the effect of inclinometer location, as shown in Fig. 2 . A higher value for k is obtained when the inclinometer is fixed higher on the trunk, because the effect of bending of the trunk is more cumulative as the inclinometer is fixed at a higher location. The relation between trunk inclination and the inclinometer reading is linear when k is 1; otherwise a convex or concave relation is obtained.
Knee flexion induces the pelvis to rotate backwards, so that the inclinometer reading for a given degree of trunk inclination decreases the more the knee is bent, as shown in Fig. 3 . In squatting, flexion at the knee and hip can be varied freely even though trunk inclination remains unchanged. This freedom in joint flexion can accordingly give rise to a wide variation in the relation between trunk inclination and the inclinometer reading.
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Subjects and methods
The subjects were twelve healthy males who had experienced no low back pain (mean±SD of age: 23.5±0.9 yrs; height: 172.3±5.2cm; weight: 64.6+ 7.3 kg). The subjects wore tight clothes for easy identification of body segments. Inclinometers were fixed with a pair of suspenders and a waist belt on the mid back at L4, Th 12, and Th5. The inclinometers detected inclination with respect to gravity by means of a magnetic resistance sensor10). Each inclinometer was calibrated with a linear function empirically determined to minimize calibration error for that device. The output of each inclinometer was digitized with a 12-bit A-D converter (Micro science, DAS-1898XPC, Japan) at 20 Hz and stored in a personal computer (Epson, PC-386 LS, Japan). Trunk inclination was measured photographically with the aid of a protractor. The locations of the acromion and greater trochanter were checked before the experiments and no markers were used to identify the locations.
For the experiment, the subjects held boxes at various heights in forward-bending and squatting postures. The boxes (size: 30 X 35 X 25 cm) weighed 1, 5, and 10 kg. The subjects held the boxes at heights of 0, 20, 40, and 60 cm above the floor. In the forward-bending posture task, data were also obtained when the subjects held the boxes while standing upright. The subjects were ordered to flex their knees for the squatting posture, but the degree of trunk inclination and knee flexion was not specified. The conditions for posture, weight handled, and holding height were randomly assigned.
Analysis
The following four statistical models were used to test the validity and linearity of the theoretical model and to evaluate the effects of inclinometer location, posture, and weight handled on the relation between trunk inclination and the inclinometer reading:
theoretical full model 1= S+ k(T-S) + wW+E (4) theoretical reduced model I=S+ k(T-S) +E (5) linear full model I= aT+ b+ wW+E (6) linear reduced model I=aT+b+E (7) where a and b are regression coefficients, I is the inclinometer reading, k is the location parameter for the inclinometer, S is pelvic rotation calculated by equation (1), T is trunk inclination, W is weight handled, w is weight parameter, and E is an error term with a normal distribution N(0, a2).
Equation (5) was a simple statistical model based on theoretical equation (3) . Equation (4) was an expansion of equation (5) by adding in a weight factor. In equations (4) and (5), the knee angle (K) was fixed at 180 deg to calculate pelvic rotation (S). Stable solutions could not be obtained when both parameters K and k were included in the equation because the effects of K and k were mathematically similar, as shown in Figs. 2 and 3 . Parameter k for the squatting posture thus reflected the effect of knee flexion in addition to inclinometer location.
Equations (6) and (7) were simple linear models to test the linearity of theoretical models (4) and (5) . Equations (4) and (5) were nonlinear because S was a quadratic function of T, as shown in Fig. 2 .
Equations (6) and (7) could be fit to the measured data when nonlinearity was not dominant.
Parameters k, w, a, and b in equations (4) to (7) were calculated by a least squares method. To check the fitness of the model, the coefficient of determination (R2) and standard error (SE) for regression were calculated with the following equations: I=aT+b+E where I is inclinometer reading, S is pelvic rotation, T is trunk inclination, W is weight handled, a and b are regression coefficients, k is location parameter for the inclinometer, w is weight parameter, and E is an error term with a normal distribution N(0, a). SE is an unbiased estimator of the a of E.
where I, was the ith inclinometer reading, Ir was the ith value estimated with the model, I was mean value, N was number of data in the sample, and Np was number of parameters included in the model.
The model fits the data well when R2 is closer to 1. SE is an unbiased estimator of the or of E in equations (4) to (7), indicating the magnitude of the residuals between measured and estimated values. A model with the highest R2 and lowest SE is the best one statistically, but when the differences among models in R2 and SE are too small to be of practical concern, the best model is chosen from the standpoint of feasibility or usability. The effect of the weight handled was included in the model as a continuous variable instead of as a categorical variable, as indicated in equations (4) and (6) . In this way the unit for the coefficient w was deg/kg, so the effect of the weight on the inclinometer reading was easy to interpret.
Results
Scatter diagrams and regression lines of the theoretical full models are shown in Fig. 4 and the results of the regression analyses are shown in Table 1 .
In the forward-bending posture, the measured data for L4, Th12, and Th5 levels showed a tendency to be slightly concave, almost linear, and slightly convex, respectively, as Fig. 4 indicates. The curves for the theoretical full models matched the pattern for the measured data as R2 was 0.8 or higher for any inclinometer location.
In the squatting posture, the measured data were scattered and showed no clearly consistent concave or convex pattern. The value for R2 was lower and that for SE was higher than those in the case of the forward-bending posture. For the two postures, at the level of L4, the values for inclination and the curve resulting from least-squares fit to the theoretical model perceptibly differed. At the Th 12 and Th5 levels, on the other hand, these differences between forward-bending and squatting postures were so small that the R2 and SE for theoretical models pooled from data for both postures hardly differed from those calculated for either posture at Th 12 and at Th5.
Differences between full and reduced models and differences between the theoretical and linear models were small for all locations and postures, as Table 1 indicates. Discussion 1. Linearity of the relation between trunk inclination and inclinometer reading The theoretical analysis indicated that the nonlinearity of the relation between trunk inclination and the inclinometer reading depended on the inclinometer location, as shown in Figs. 1 and 2 . The nonlinearity could be neglected when the location parameter k was close to 1. Dependency of the nonlinearity on the inclinometer location was observed in the experimental study, as shown in Fig.  4 . At Th 12, the relation of the measured data could be regarded as linear and the parameter k was very close to 1, as Table 1 indicates. At L4 and Th 12, the measured data showed slightly concave or convex patterns. The values for R` and SE in the theoretical models were in close agreement to those of the linear models for all inclinometer locations. The relation could therefore be regarded as linear at all locations between L4 and Th5 in practical use.
Effect of working postures
In squatting, the pelvis rotates backwards in conjunction with flexion of the knee and hip joints ' 5, 16) . To compensate for the rotation, the trunk has to bend further forward to maintain a given trunk inclination than in the forward-bending posture. The relation between trunk inclination and the inclinometer reading in the squatting posture may therefore differ from that in the forward-bending posture. Furthermore, scatter of the measured data was greater in the squatting posture, presumably because of greater freedom for variation in knee and hip joint flexion than in the forward-bending posture. The experimental study showed a clear difference between the model equations for the two postures and a low R2 for the squatting posture at L4. At Th12 and Th5, on the other hand, even though the R2 for the squatting posture was a little lower, only a small difference was seen between the model equations, suggesting that the effect of working posture can be neglected when the inclinometer is fixed high on the trunk.
Effect of handling weights
Anderson et al. reported that prediction of pelvic rotation was not improved by taking into account the weight handled15). Our results also showed that the inclinometer reading was hardly affected by the weight handled because the R2 for the reduced model was almost equal to that for the full model. If the trunk were a purely elastic body, it might bend more according to the magnitude of the weight handled '7 , but trunk muscles contract in response to the weight to maintain the same posture. In addition, the trunk is drawn backwards to balance moments when the handling materials are held in front of the body. This may also tend to cancel out the effect of any potential increase in the inclinometer readings due to the weight handled.
Best location for the inclinometer
The experimental study showed that the inclinometer should be fixed at a high location around Th5 for relatively precise measurement because R2 was highest, SE was lowest, and the effect of posture was lowest with the inclinometer at that location. A location higher than Th5 is not recommended because the nonlinear tendency is increasing, as shown in Fig. 2 . The nonlinearity would introduce a systematic bias if a linear calibration line were used. A lower location around Th 12 would be better than Th5 from the viewpoint of linearity.
If most of the work is carried out in the forwardbending posture, the inclinometer may be fixed at any location on the trunk, because R2 was high, exceeding 0.8 from L4 to Th5. In this case, the most important factor in deciding the inclinometer location for actual use would probably be whether the inclinometer fixed on the body disturbs the work or not.
